It is widely recognized that the irregular satellites of the giant planets were captured from initially heliocentric orbits. However, the mechanism of capture and the source region from which they were captured both remain unknown. We present an optical color survey of 43 irregular satellites of the outer planets conducted using the LRIS camera on the 10-meter telescope at the Keck Observatory in Hawaii. The measured colors are compared to other planetary bodies in search for similarities and differences that may reflect upon the origin of the satellites.
Introduction
Irregular satellites are broadly distinguished from regular satellites by their orbital characteristics. Regular satellites occupy nearly circular, low eccentricity orbits deep within the Hill spheres of their respective planets. In contrast, the irregular satellites orbit at distances up to 0.5-0.6 Hill radii and are subject to significant torques from the Sun even while remaining bound to the host planets. The irregulars also have large eccentricities, e = 0.1 to 0.7, and inclinations, i, many with i > 90
• Haghighipour 2007, Nicholson et al. 2008) . Only the giant planets possess irregular satellites. The currently known irregular satellite populations, as well as the numbers of irregular satellites observed in this survey, are listed in Table 1 .
The size distributions of the irregular satellites of each giant planet are similarly shallow, roughly consistent with differential power laws having index q = -2 suggesting capture from a common source region by a common mechanism Jewitt 2003, Jewitt and . Three main classes of capture mechanism have been proposed. 1) Pull-down capture relies on the runaway accretion phase of planetary growth, when the Hill radius of the planet grew rapidly (Heppenheimer and Porco, 1977) . Nearby bodies might have been permanently captured if the Hill radius expanded on a timescale short compared to the residence time within the Hill spheres. One argument against pull-down capture as a general mechanism is that the ice giants Uranus and Neptune have relatively little H and He in their gaseous envelopes, limiting the effects of runaway growth. 2) In gas-drag, the extended gaseous envelopes of the forming giant planets are supposed to frictionally dissipate the energy of passing bodies, leading to permanent capture (Pollack et al. 1979) . This model relies on fine-tuning of the timing, because the collapse of the gaseous envelope is thought to have been rapid. Capture by gas drag is again less attractive for Uranus and Neptune than for Jupiter and Saturn because the ice -4 -giants contain a much smaller fraction of their total mass in gas Jewitt and Haghighipour, 2007) . 3) Accordingly, most recent work has focused on capture by three-body interactions, considered first by Colombo and Franklin (1971) , since this mechanism is independent of the gas content and growth physics of the host planet. In three body reactions, gravitational scattering between two bodies in the circumplanetary environment can, statistically, lead to the ejection of one and the capture of the other.
In this paper we present measurements of the magnitudes and colors of 43 irregular satellites of the four giant planets taken using the Keck I 10 m telescope. The new data are compared with published measurements of smaller samples (Grav et al. 2003 , 2004 , Grav and Bauer 2007 , Rettig et al. 2001 
Observations
The data were collected over nine nights between 2008 March and 2015 December at the W. M. Keck Observatory on Mauna Kea, Hawaii using the LRIS instrument on the 10 meter Keck I telescope (Oke et al. 1995 , Table 2 ). The data used were all taken under photometric conditions with the telescope tracked at non-sidereal rates to follow the motion of each satellite. Most satellites were observed on multiple nights in order to check for repeatability of the measurements. We used the B, V, and R filters, for which the central wavelengths, λ c , and full-widths at half maxima, FWHM, are B (4370Å, 878Å), V (5473Å, 948Å) and R (6417Å, 1185Å). The images were flat-fielded using composites of images recorded from an illuminated patch inside the Keck dome and photometrically calibrated using observations of stars with Sun-like colors from Landolt (1992) .
Using IRAF, the images were reduced and aperture photometry was obtained using the APPHOT package. By trial and error, we used a photometry annulus with radius -5 -1.35-2.03 (∼1.5 x FWHM), depending on the seeing, and obtained an estimate of the sky background from a contiguous annulus 1.35 wide. For very faint satellites, we used two-aperture photometry. With this method, we chose a small aperture based on the FWHM of the object, and used it to measure the targeted satellite as well as brighter field stars. Then we chose a larger aperture in order to measure the total flux from the selected field stars. We calculated the fraction of light that was left out of the measurement from the smaller aperture, and used it to correct the magnitude of the satellite to obtain its apparent magnitude. We observed satellites with apparent magnitude, R, as bright as ∼17.5 and as faint as ∼25.0 magnitude. To show the visual difference of this magnitude range, Figure (1) compares an image of a faint (∼23.6) and a bright (∼17.5) satellite observed in this work.
Results
The results of the photometry are listed in Table 2 with ±1σ standard errors. Not all satellites were observed in all three filters (B, V, and R) and therefore not all have equal numbers of color measurements. In total, we measured 20 Jovian, 14 Saturnian, 6 Uranian, and 3 Neptunian satellites.
The apparent magnitudes were converted to absolute magnitudes, H V , defined as the magnitude corrected to unit heliocentric and geocentric distance (r H and ∆, respectively) and to phase angle α = 0 • . For the apparent V magnitude, this correction is
where β is the phase function representing the angular dependence of the scattered sunlight on α. For simplicity, we assumed β = 0.04 magnitudes degree −1 , consistent with values measured in low albedo solar system objects (Tedesco and Baker 1981 , Jewitt et al. 1998 , -6 -Rettig et al. 2001 . Equivalent relations were also used to compute the absolute B and R filter magnitudes. Figure ( 2) compares H V magnitudes from this work with H V magnitudes from previous surveys by Grav et al. (2003) , Grav et al. (2004) and Grav and Bauer (2007) . The average error bars are on the order of 0.04 magnitudes, smaller than the data point symbols, and therefore do not appear in the figure. Measurements in perfect agreement should plot on the diagonal line in the figure. Some scatter about the line is expected because of measurement errors, and because each satellite possesses a rotational lightcurve, presenting a variable brightness to the observer. In fact, most satellites fall slightly below the diagonal line, indicating systematic differences between our measurements and those in the literature.
Possible reasons for these systematic offsets include slight differences in the filters employed, as well as differences in the way the phase function (Equation 1) was treated.
The major uncertainty in the phase function correction lies in the treatment of the possible opposition surge. For example, Grav et al. (2004) assumed β = 0.38 magnitudes degree −1 for the satellites of Uranus and Neptune in order to account for small-angle brightening. Grav et al. (2003 Grav et al. ( , 2007 and Rettig et al. (2001) instead used the Bowell et al. (1989) phase function with parameter G = 0.15, which provides for a more modest surge. Bauer et al. (2006) found that the magnitude of the opposition surge varies widely from satellite to satellite, meaning that we cannot adopt any universal value. To assess the impact of the various assumed phase functions, we recomputed the H V magnitudes from the photometry of Grav et al. (2003 Grav et al. ( , 2007 and Rettig et al. (2001) assuming β = 0.04 magnitudes degree −1 for all objects, consistent with the value used in the analysis of the current data. Figure ( 3) shows that the systematic differences of Figure ( 2) largely disappear, showing that the offsets result from phase and are not intrinsic to the data.
The measured colors, as opposed to the absolute brightnesses, should be independent Table 3 .
Discussion

Colors
The irregular satellite colors were averaged at each planet and are plotted in (Table 4) , and ∼99.5% according to the Anderson-Darling test (Table 5) . However, even the more stringent of these still does not meet the nominal 99.7% probability associated with a 3σ detection in a Gaussian distribution. Given this, and the very small Uranus satellite sample size, we do not regard the difference as significant. We also compared the irregular satellite colors with the Jovian Trojan color distribution (from Peixinho et al. 2015) , finding no evidence for a significant difference.
Jarvis et al. (2000) suggested that asteroids ejected from the Kirkwood gaps in the main belt might have been captured by Jupiter. Vilas et al. (2006) reported spectral similarities between the irregular satellites and main belt asteroids (specifically the Cand D-class asteroids in the classification system of Tholen 1989) and, on this basis, also suggested that the main-belt is the source region for the Jovian irregular satellites.
However, a main-belt source seems hard to support for two reasons. First, the numbers of Jovian Trojans and main-belt asteroids larger than 5 km in size are similar (Shoemaker et al. 1989 and Jewitt et al. 2000) but, while most Trojans are D-or P-types, such spectral classifications are rare in the main-belt asteroids. Second, the asteroid belt at ∼2 to 3 AU hardly seems a good source for the irregular satellites of Saturn (10 AU Table 3 ) is marginally consistent with ultrared color.
Some evidence in seeming support of color modification is provided by observations of the Centaurs, which show a broad distribution of colors for large perihelion distances, q 8 to 10 AU, but which lack ultrared members at smaller perihelion distances. Similarly, the nuclei of Jupiter family comets also lack ultrared matter, even though they were extracted from the Kuiper belt via the Centaurs. A plausible mechanism is resurfacing, caused by the ejection of particles at sub-orbital velocities in response to sublimation (Jewitt 2002) . Also, The shape can be estimated from the lightcurve range, ∆m R , using
where the body is taken to be elongated in shape with long and short axes b and a, respectively, both projected into the sky-plane. We assume that the pair-wise observations of each satellite are uncorrelated with the rotational phase. Then, our estimate of the average photometric range is ∆m R = FWHM/2 = 0.16±0.01 magnitudes and substitution into Equation (2) gives a sky-plane axis ratio b/a = 1.16±0.01. Szabó and Kiss (2008) made a statistical analysis of 11,735 asteroids and found that b/a peaks at 1.2, with 80% of the data falling in the range of b/a = 1.1-1.2, which we regard as consistent with the average irregular satellite value. The normalized cumulative distributions of the brightness differences of the irregular satellites (red circles) are compared with those of asteroids (black -12 -line) from Szabó and Kiss (2008) in Figure ( 10). We conclude that there is no observational evidence for a difference between the average shapes of the irregular satellites and the asteroids. Given that the shapes of the asteroids are collisionally determined, we likewise conclude that irregular satellites are also shaped by collisions, and this is consistent both with the existence of dynamical families in the Jovian satellite population, and with the inference by Bottke et al. (2013) that irregular satellites are, as a group, highly collisionally processed.
Conclusion
We present the absolute magnitudes and colors of the irregular planetary satellites at each of the giant planets and use their average population colors to compare them to other populations in the solar system in search for a common origin.
• The optical colors of the irregular satellites of the four giant planets are statistically similar to each other and independent of heliocentric distance.
• The satellites lack the ultrared matter that colors the surfaces of many Kuiper belt objects. About 80% of the cold-classical and 30% to 40% of the hot classical Kuiper belt objects have B-R > 1.60, whereas at most one of the measured irregular satellites (UXX Stephano, with B-R = 1.63±0.06) falls in the same range.
• If the irregular satellites were captured from the Kuiper belt, then their surface colors must have been modified. The lack of ultrared surfaces even on the (cold) irregular satellites of Uranus and Neptune suggests that such modification cannot have been by any plausible thermal process.
• The means and the distributions of the shapes of the irregular satellites (average projected axis ratio b/a = 1.16±0.01) and main-belt asteroids (b/a = 1.1-1.2, Szabo Foundation. This work was supported, in part, by a grant to DJ from NASA. to previous studies. In the cases where multiple colors were reported across several nights for a single object, the colors were averaged. If colors were reported again in a later iteration of the survey, the most recent result was used. Collisional control is likely responsible for the shapes of objects of both types. 
